We have used chemical protein synthesis and advanced physical methods to probe dynamics-function correlations for the HIV-1 protease, an enzyme that has received considerable attention as a target for the treatment of AIDS. Chemical synthesis was used to prepare a series of unique analogues of the HIV-1 protease in which the flexibility of the "flap" structures (residues 37-61 in each monomer of the homodimeric protein molecule) was systematically varied. These analogue enzymes were further studied by X-ray crystallography, NMR relaxation, and pulse-EPR methods, in conjunction with molecular dynamics simulations. We show that conformational isomerization in the flaps is correlated with structural reorganization of residues in the active site, and that it is preorganization of the active site that is a rate-limiting factor in catalysis.
We have used chemical protein synthesis and advanced physical methods to probe dynamics-function correlations for the HIV-1 protease, an enzyme that has received considerable attention as a target for the treatment of AIDS. Chemical synthesis was used to prepare a series of unique analogues of the HIV-1 protease in which the flexibility of the "flap" structures (residues 37-61 in each monomer of the homodimeric protein molecule) was systematically varied. These analogue enzymes were further studied by X-ray crystallography, NMR relaxation, and pulse-EPR methods, in conjunction with molecular dynamics simulations. We show that conformational isomerization in the flaps is correlated with structural reorganization of residues in the active site, and that it is preorganization of the active site that is a rate-limiting factor in catalysis.
enzyme catalysis | HIV protease | protein dynamics | protein NMR T he dynamics of the HIV-1 protease protein molecule have attracted a great deal of attention because of the critical role that this enzyme plays in the maturation of the AIDS virus (1) . NMR studies of the HIV-1 protease have identified regions of the protein molecule with enhanced mobility (2, 3) , and attempts have been made with the help of molecular dynamics (MD) simulations to utilize knowledge of the dynamic properties of the HIV-1 protease protein molecule for improved drug design and to rationalize drug resistant mutations (4) (5) (6) (7) . Particularly important are two highly mobile regions in the HIV-1 protease molecule, the pair of so-called "flaps" (Fig. 1A) , which are seen to close over the substrate or substrate-derived inhibitor in the crystal state (8) (9) (10) (11) . The conventional view is that the role of the flaps is to provide a gating mechanism for substrate binding and for product release, and to help to orient the substrate within the enzyme-substrate complex in a conformation suitable for catalysis (2) (3) (4) (5) (6) (7) . In the work reported here, we have reinvestigated the role of the HIV-1 protease flaps in enzyme catalysis by employing advanced biophysical methods in conjunction with a series of unique analogue enzymes prepared by total chemical synthesis.
Results
Design and Chemical Synthesis of Flap Analogues of HIV-1 Protease. In X-ray structures of the HIV-1 protease complexed with a peptide substrate or substrate-derived inhibitor, the tips of the flaps adopt two different β-turn conformations, type I or type II ( Fig. 1 B and C) (8, 9) . The differences between these two flap structures are most pronounced for the highly conserved residues Gly51 and Gly51′ in the middle of the β-turns, where the Gly residue in one flap adopts an L-amino acid conformation (φ ¼ −103°, ψ ¼ −3°) whereas the Gly residue in the other flap has a D-amino acid conformation (φ ¼ 97°, ψ ¼ −13°). Previous NMR studies of HIV-1 protease enzyme/inhibitor complexes have demonstrated the isomerization of these two different β-turn conformations, on both subnanosecond and microsecond-to-millisecond time scales (2, 3) . To evaluate whether such isomerizations have any functional significance, we introduced conformational constraints by preparing a series of protein analogues in which residues Gly51/Gly51′ were substituted with L-Ala, D-Ala, or Aib (α-aminoisobutyric acid) in one or both of the flaps of the homodimeric HIV-1 protease protein molecule. In addition, we synthesized chemical analogues of the HIV-1 protease in which individual α-amino acid residues 50-52 at the tips of both flaps were systematically substituted with isosteric α-hydroxy acids, replacing the amide N-H of the peptide bond with an ester moiety.
To enable asymmetric incorporation of different α-amino acids or α-hydroxy acids in the flaps of a single HIV-1 protease enzyme molecule, the two 99-residue monomers were covalently joined through a short linker (five amino acids). The asymmetric analogues were prepared by a fully convergent total synthesis of the 203-amino acid residue protein, based on a combination of native chemical ligation (12) and kinetically controlled ligation (13), giving a "covalent dimer" HIV-1 protease enzyme molecule with full catalytic activity (14) . The wild-type enzyme and nine enzyme analogues prepared in this way are listed in Table 1 . Table 1 . The values of k cat ∕K m varied over a wide range, where the least active enzyme was analogue 8 containing Aib51/Aib51′ (approximately 1,000 times lower activity than wild-type enzyme 1). Interestingly, the introduction of L-Ala or D-Ala in either symmetric or asymmetric fashion had distinct effects on catalytic efficiencies as measured by steady-state kinetics. Substitution of both Gly51/51′ with L-Ala led to analogue 5 in which proteolytic activity was found to be approximately 10 times lower than for wild-type enzyme 1, whereas insertion of D-Ala at position 51∕51 0 in both flaps (enzyme 7) gave an enzyme that had approximately 100 times lower activity. Substituting Gly at position 51 in one flap only with L-Ala (enzyme 3) enhanced the measured K m almost two times with no effect on k cat , whereas substituting with D-Ala in one flap only (enzyme 4) led both to a 2-fold higher K m and an approximately 4-fold reduction of k cat . In contrast to these results, the asymmetric enzyme molecule 2 with L-Ala51 in one flap and D-Ala51′ in the other flap had proteolytic activity similar to the wild-type enzyme 1, suggesting that the asymmetric conformations of the Gly51 and Gly51′ residues seen in the X-ray structure of the wild-type enzyme may be functionally relevant. Tables S3-S7 ). The enzyme protein crystals were all found to be isomorphous (space group P2 1 2 1 2 1 ), with the geometry and H-bond network at the proteininhibitor interface highly preserved for different enzyme analogues (see SI Appendix, Table S2 ). In most of the structures, the flaps were observed to close over the inhibitor, adopting asymmetric βI/βII turn conformations at the flap tips as seen in the wild-type HIV-1 protease. Exceptions were the [L-Ala51/51′] HIV-1 protease where both flaps close over the MVT-101 inhibitor in the symmetric βII/βII conformation, and the [Gly51/ Aib51′]HIV-1 protease-MVT-101 complex, where the asymmetric βI/βII conformation is switched to βII/βI relative to the N-to-C orientation of the MVT-101 substrate-derived inhibitor (SI Appendix, Fig. S11 ). In addition, in the case of the [Aib51/ 51′]HIV-1 protease complex with MVT-101, one flap does not fully close over the inhibitor. It was not possible to rationalize the very different enzyme kinetics observed for these analogue proteins by looking only at the structures of the flaps.
Interestingly, despite identical growth conditions (pH 6.0) and isomorphous crystal forms for all the protein-inhibitor complexes, the "O-O" distances for the carboxyl oxygens distal from the inhibitor in the catalytic residues Asp25 and Asp25′ were found to vary over the range 2.34-2.55 Å for different chemical analogues (SI Appendix, Table S3 ). These O-O distances are significantly shorter than the sum of the van der Waal's contact radii (approximately 3.0-3.1 Å), indicating that a proton must be present between the two oxygens in all these complexes. At the same time, these distances are too short in order to accommodate two protons (i.e., the diprotonated state), as illustrated in the crystal structure of the diprotonated wild-type HIV-1 protease with DMP-323 inhibitor (15) where the corresponding distance was found to be 3.4 Å (16).
Interflap Distance Measurements. In order to measure how substitutions at position Gly51 affect large-scale motions of the flaps, we incorporated nitroxide spin labels at amino acid positions 55∕55 0 and measured the nitroxide-to-nitroxide distance distribution profiles for symmetric analogues using the pulse-EPR double electron-electron resonance (DEER) method ( Fig. 2 A and B) (17) . The experiments were performed with approximately 45 μM solutions of unliganded enzymes, frozen in the glass capillary to 55 K with helium gas, by recording the dipolar spin-echo evolution responses and converting the obtained data into distance snapshots of all conformers present in a given sample at the moment of flash-freezing (18) . As was reported earlier (18), three major conformers were observed for all samples-so-called "closed," "semiopen," and "open." We found significant differences in the nitroxide-to-nitroxide distance distributions for the D-Ala51/51′ symmetric analogue, which became much narrower, with the semiopen conformer being more populated here than in all other analogues. This observed predominance of the semiopen conformer for the D-Ala51/51′ symmetric analogue is in agreement with the conformations previously observed in the crystal structure of the unliganded form of HIV-1 protease, where both Gly51 and Gly51′ have a D-amino acid backbone conformation and the flaps adopt a semiopen conformation and are symmetrically related via a twofold axis (19) .
Protein Dynamics on the Subnanosecond Time Scale. In order to characterize how substitutions at position 51∕51 0 of the HIV-1 protease affect the conformational properties of the flaps in these unique enzyme analogues, we performed NMR studies on the unliganded enzymes using site-specifically 15 N-labeled protein Table 1 . Steady-state kinetics of proteolysis by chemically synthesized HIV-1 protease and its analogues The PDB ID code of the corresponding X-ray structure with MVT-101 inhibitor is included in the rightmost column. *The wild-type enzyme 1 was prepared both as a homodimer and as a covalent dimer, and the catalytic properties were found to be identical within experimental uncertainty. †
In a control experiment, the 99-residue L-Ala51 HIV-1 protease polypeptide was folded by dialysis in the presence of an equimolar amount of the 99-residue D-Ala51 HIV-1 protease polypeptide. We observed k cat 9.1 s −1 (one half of the value for analogue 2) and K m 25.6 μM, which corresponded to the properties of the statistical 0.5-molar ratio of (L-Ala51, D-Ala51′) heterodimer enzyme in the mixture; this result precluded the possibility that either dimerization equilibrium or the five-amino acid interdomain linker peptide sequence inserted in covalent dimers affected the observed enzyme kinetics.
molecules. Key residues in the flaps were site-specifically 15 N-labeled; in addition, the residue Gly40 in the "elbow" regions (see Fig. 1A ) and residues Asp25 and Gly27 in the catalytic site were also 15 N-labeled (see Fig. 1 A and B and SI Appendix). For these NMR studies, all measurements were performed with symmetrically substituted chemical analogues (homodimers) in order to simplify interpretation of the data (Fig. 2C ). Order parameters (S 2 ) for the protein backbone amides were derived from model-free analysis of measured R 1 (spin-lattice relaxation rate), R 2 (spin-spin relaxation rate), and heteronuclear 1 H-15 N NOE (nuclear Overhauser effect) values (20) . The order parameter (S 2 ) represents the degree of spatial restriction of internal fluctuation of the amide bond on the subnanosecond time scale, ranging from 0 (completely unrestricted motions) to 1 (completely rigid). S 2 values measured for unliganded enzymes were found to be significantly higher for the D-Ala51-containing flap ("D-flap") and Aib51-containing flap ("Aib-flap") than for the L-Ala51-containing flap ("L-flap") (Fig. 2C, Inset) . The higher order parameters for the tips of the flaps (residues 48-52) of D-flap and Aib-flap enzyme molecules indicate greater rigidity on the subnanosecond time scale. Remarkably, the L-Ala51-containing flap enzyme molecule had S 2 values and hence subnanosecond flexibility comparable to those of the corresponding wildtype Gly51-containing flaps (21) . This is consistent with our observation that, of the symmetrically substituted enzyme analogues, the L-Ala51/51′ homodimer had proteolytic activity closest to that of the wild-type enzyme (Table 1 ; see entries 1, 5, 7, and 8, respectively).
Protein Dynamics on the Microsecond-Millisecond Time Scale. To elucidate the dynamics of the enzyme analogues in the microsecond-millisecond time regime,
15 N Carr-Purcell-Meiboom-Gill (CPMG) relaxation dispersion measurements were performed on the unliganded enzyme analogues (Fig. 2D and SI Appendix) (22) . In the three symmetric analogues containing L-flaps, D-flaps, or Aib-flaps, we observed a systematic decrease in mobility on the microsecond-millisecond time scale; the previously observed higher subnanosecond mobility of the L-flap enzyme analogue (above) was also reflected in faster microsecond-millisecond regime dynamics, and a greater subnanosecond rigidity corresponding to slower mobility on the microsecond-millisecond time scale was observed for the D-flap and Aib-flap enzyme analogues. In the L-flap and D-flap enzyme analogues, all labeled residues showed coherently matched chemical exchange rates in these NMR measurements; after fitting the data on a residue-byresidue basis, they were further fitted globally with a three-site exchange model (23), yielding k ex (fast) 2;350 AE 100 s −1 (meanAE SD), k ex (slow) 38 AE 2 s −1 (mean AE SD) for the L-flap enzyme, and k ex (fast) 1;380 AE 60 s −1 (mean AE SD), k ex (slow) 80 AE 5 s −1 (mean AE SD) for the D-flap enzyme (see SI Appendix, Figs. S12 and S13, Table S12 , and Scheme S3). In the Aib-flap enzyme analogue, however, it was not possible to perform global fitting because of substantial noncoherent variations in exchange rates for different residues, indicating either greater motional complexity or a shift in the principal isomerization rate constant for the flaps as global structures. In fact, several residues actually lost their R 2 dispersion in the Aib-flap enzyme analogue (see SI Appendix, Figs. S12 and S13). The most remarkable differences observed for this series of flap analogues of the HIV-1 protease involved the activesite residues. Our NMR measurements on the flap analoguecontaining unliganded enzyme molecules showed that the microsecond-millisecond dynamics of the catalytic residues Asp25/25′ as well as the nearby Gly27/27′ residues were correlated with the Peaks for the wild-type HIV-1 protease (in green) for corresponding residues were reconstructed from a previous study (21 dynamics of the flaps. For the L-flap enzyme analogue, both Gly27 and Asp25 in the catalytic region have microsecond-millisecond chemical exchange constants (k ex 2;325 AE 200 s −1 , mean AE SD) similar to the fast exchange constants observed for the flap region; for the D-flap enzyme analogue, the slower microsecond-millisecond dynamics observed in the flap were found to be correlated to the reduced microsecond-millisecond mobility of the Asp25 and Gly27 residues (k ex 420 AE 70 s −1 , mean AE SD). And, for the Aib-flap-containing enzyme, both the catalytic Asp25 and residue Gly27 were found to be lacking R 2 dispersion as was the case for some residues in the flaps in this enzyme analogue (Fig. 2D , Bottom and SI Appendix, Figs. S12 and S13), meaning that the time scale window probed with our experimental approach was not suitable for this particular chemical analogue.
Molecular Basis of a Protein Dynamics Feedback Catalytic Mechanism.
To explore the role of flap backbone hydrogen bonds in catalysis, we synthesized both a monoester [Ile50, O-Ile50′]HIV-1 protease (enzyme 9) and the corresponding diester [O-Ile50,O-Ile50′] HIV-1 protease (enzyme 10), and obtained high-resolution X-ray structures for their complexes with substrate-based inhibitors [for catalytic activities see Table 1 ; values obtained were generally comparable with previous experimental data ( 24, 25) ]. Interestingly, in the X-ray structures of the ester analogue enzymes complexed with the reduced isostere MVT-101 inhibitor, electron density for the nonnucleophilic water molecule (water 301) bridging the flaps of the enzyme and the carbonyls of the inhibitor was found to be much less intense (Fig. 3A) ; moreover, for the complex of diester enzyme 10 with MVT-101, we could not locate clear electron density for water 301 (Fig. 3B) . This was to be expected, because at least one hydrogen-bond-donating amide-NH -is replaced by an ester oxygen atom in these enzyme analogues, thus knocking out the possibility for a water 301 H 2 O-HN-Ile50 hydrogen bond. However, the structure of the MVT-101 inhibitor in these complexes did not deviate significantly from the complex with the wild-type enzyme molecule (for enzyme 9, rmsd backbone 0.13 Å, rmsd all atoms 0.44 Å; for enzyme 10, rmsd backbone 0.13 Å, rmsd all atoms 0.84 Å), and both flaps adopted a closed conformation rather similar to that found in the wild-type HIV-1 protease complexed with the same inhibitor.
In the X-ray structures of these ester analogue enzyme molecules with the ketomethylene isostere KVS-1 inhibitor (which closely mimics a tetrahedral intermediate) (9) , the occupancy of water 301 was not so drastically affected as in the case of complexes with MVT-101 inhibitor (Fig. 3 C and D) . In the complex of the monoester enzyme 9 with KVS-1 inhibitor, water 301 occupancy (see Fig. 3C ) was comparable to that observed for the wild-type HIV-1 protease in the same complex (9) . However, in the case of the diester enzyme 10, the H-bonding network was significantly perturbed, and an additional water molecule has been located at the flaps-inhibitor interface (Fig. 3D) .
These observations suggest to us that the hydrogen-bonding network at the flaps-inhibitor interface mediated by the nonnucleophilic water molecule may be responsible for a protein dynamics feedback mechanism in HIV-1 protease catalysis. In the case of the ester analogues, the mediating role of the amide hydrogen bond(s) present in the native NH-Ile50 is eliminated, thus destabilizing the rigid closed flaps conformational state, which then would lead to higher flexibility of the corresponding flap structure. Thus, the dynamics of the catalytic site could never adjust to achieve the structure necessary for efficient electrostatic stabilization of the transition state of the catalyzed reaction as happens in the wild-type enzyme. In the wild-type HIV-1 protease, such stabilization is achieved by hydrogen bonds mediated by water 301 that rigidify the flap structures, lock the substrate in a productive conformation, and contribute to preorganization of the structure of the catalytic site. The flaps and water 301 serve to sense the progress of the proteolytic reaction through hydrogen bonding to two carbonyl groups of the substrate (from the amide bond preceding and the amide bond following the scissile amide bond in the polypeptide substrate sequence, respectively), and to thus properly attenuate the dynamics of the catalytic aspartic acid residues. The distance between the aforementioned substrate carbonyl groups increases with the progress of the amide bond cleavage (formation of tetrahedral intermediate, breakdown of tetrahedral intermediate concomitant with product formation and stepwise protein/products dissociation) as was shown by recent crystallographic work (10, 11).
The Active-Site Structure of the HIV-1 Protease Is Preorganized for Catalysis and Is Asymmetric. In silico experiments were performed to get a better picture of how the dynamics of the flap structures correlate with the state of the catalytic residues in the HIV-1 protease-substrate complex. All-atom explicit water MD simulations of symmetric L-flap and D-flap enzyme analogues gave results in agreement with interflap distance distributions observed by pulse-EPR measurements (SI Appendix, Fig. S15 ). In the active site of these two analogue enzymes, MD simulations showed a symmetric cyclic structure consisting of two catalytic Asp25 and Asp25′ residues and the nucleophilic water molecule as the most predominant conformer (Fig. 4B) . Because proton transfer between the two catalytic aspartates Asp25 and Asp25′ cannot be treated adequately by the classical molecular mechanics approach employed in the MD simulation, for the case of the asymmetric [L-Ala51; D-Ala51] heterodimer, we performed calculations on two boundary states, with either the L-flap-containing domain Asp25 or the D-flap-containing domain Asp25′ In complexes of enzymes 9 and 10 with MVT-101 inhibitor, the electron density for structural water 301 molecule is significantly diffused-most strikingly in the enzyme 10 complex (see B), where we could not locate clear density for a water molecule at the flaps/inhibitor interface. (C and D) Interestingly, with the mechanistically based hydrated ketomethylene inhibitor KVS-1 (9), water 301 is well-populated in structures of enzymes 9 and 10. Moreover, in the complex of enzyme 10, there is second structural water molecule. [In all structures, side chains are deleted for clarity except the residues of interest. The 2F o − F c electron density map was contoured at 1.0 σ level (in magenta) for selected flap residues and water molecules, and at a level of 3σ (in green) for residues Asp25 and Asp25′. Distances between distal oxygens of two catalytic Asp25 and Asp25′ and PDB codes are specified for each structure].
ionized and the other aspartate in the same molecule protonated [note: the monoprotonated state for the two catalytic aspartates is invoked for general acid-general base catalysis (26, 27) ]. For the case in which the L-flap-containing domain has a charged Asp25 carboxylate and D-flap-containing domain Asp25′ has a protonated side chain, we observed the same cyclic hydrogen-bonded structure that we found as the most populous state in symmetric homodimers. Strikingly, if we reversed protonation states (i.e., with the L-flap-containing domain Asp25 now being protonated and the D-flap-containing domain Asp25′ being charged), MD simulations showed an enhanced population (approximately 100-fold) of the structure composed of Asp25, Asp25′ residues, and the nucleophilic water molecule hydrogen-bonded asymmetrically and with a geometry preorganized for catalysis (Fig. 4A) (28) .
The computational prediction of a greater concentration of conformers preorganized for catalysis being present in the unliganded [L-Ala51, D-Ala51′] heterodimeric enzyme molecule was supported by surface plasmon resonance (SPR) binding experiments (see SI Appendix, Fig. S16 ). In the SPR measurements on the HIV-1 protease flap analogues, using a reduced isostere inhibitor to mimic the earlier transition state of the enzyme-catalyzed proteolysis, the [L-Ala51; D-Ala51′] asymmetric enzyme analogue showed tighter binding affinity toward inhibitor than any other studied enzyme analogues, including the wild-type HIV-1 protease (K d value of 100 nM, four times lower than the K d value of 420 nM observed for the wild-type enzyme).
Discussion
The accepted chemical mechanism for the aspartyl proteases involves general acid-general base catalysis, where one catalytic aspartate side chain carboxylate (COO − ) acts as a general base to remove a proton from the water molecule nucleophile, while another aspartic acid side chain carboxyl (COOH) general acid donates a proton to the carbonyl oxygen atom of the scissile peptide bond (26, 27) . Our results are in agreement with the general acid-general base mechanism, with a nucleophilic water molecule preorganized for catalysis in the asymmetric environment of the two aspartates, one being protonated and one being ionized (Fig. 4C) . Thus, our data suggest that in the case of the HIV-1 protease, the so-called "L domain" (which contains the L-Gly51 conformation flap) is more mobile and bears the general acid at the Asp 25 COOH, whereas the less mobile "D domain" (containing the D-Gly51 flap) is more rigid and bears the general base Asp 25 COO − in the active site.
We recently reported that flap structures in HIV-1 proteasecomplexed with three different inhibitors that mimic, respectively, an early transition state, the tetrahedral intermediate, and a late transition state-display significantly different equilibrium populations of conformers; the flaps are least mobile at the earlier stages of the reaction, and attain more flexibility in the course of the reaction en route to product release (18) . The results obtained from the combination of experiments used in the work reported here show that the glycine residue at position 51 in each monomer serves as a surrogate for both the L-and D-amino acids required at that position in each domain of the homodimeric HIV-1 protease molecule preorganized for catalysis. Our data suggest that catalysis is not rate-limited by opening and closing events of flaps, but rather by the emergence of catalytically preorganized asymmetric β-turn type I/β-turn type II conformers in the Gly51/51′-containing wild-type HIV-1 protease. If substrate binding/product release were rate-limiting, we would expect the [L-Ala51, D-Ala51′] covalent dimer enzyme to posses catalytic efficiency lower than the more flexible [L-Ala51, L-Ala51′] homodimer and greater than more rigid [D-Ala51, D-Ala51′] homodimer. However, as illustrated in Fig. 5 , the [L-Ala51, D-Ala51′] heterodimer enzyme is approximately 10 times and 100 times, respectively, more efficient as a catalyst than the above mentioned two homodimer enzymes (see also Table 1 , entries 2, 5, and 7).
These results provide strong experimental support for a chemical mechanism in HIV-1 protease in which the contribution of both flaps to catalysis is critical. First, flap β-turn isomerization attenuates the dynamics of the whole protein molecule, resulting in correlation of the dynamics of the flaps and the catalytic residues; then, hydrogen-bonding interactions of HN-Ile50 and HN-Ile50′ at the tips of the flaps to the carbonyls of the substrate on either side of the scissile bond are mediated by a (nonnucleophilic) water molecule and lock the substrate and enzyme molecule in a productive catalytic conformation. In contrast to the HIV-1 protease and related viral aspartyl proteases, the cellencoded aspartyl protease enzyme molecules have a single polypeptide chain that folds to form two domains, and a single flap that in crystal structures is seen to form direct hydrogen bonds to the substrate or substrate-derived inhibitor (27, 29) . We predict that the dynamic properties of the two domains in eukaryotic aspartic protease molecules will be distinct from one another and reminiscent of those reported here for the artificial [L-Ala51; D-Ala51′] covalent dimer HIV-1 protease prepared by total chemical synthesis.
Materials and Methods
The 99-residue polypeptide chains of symmetric homodimers and the 203-residue polypeptides for asymmetric heterodimers were prepared by total chemical synthesis, folded by dialysis and assayed as described (9, 14) .
X-Ray Crystallography. Crystals were grown at 20°C by the hanging drop vapor diffusion method within 1-30 d and were frozen in liquid nitrogen using mineral oil as cryoprotectant. Data collection was performed at 100 K at the Advanced Photon Source, Argonne National Laboratory.
Pulse-EPR Experiments. Dipolar spin-echo evolution measurements were carried out using a constant time version of the four-pulse DEER sequence at a temperature of 55 K. Data were processed and analyzed using DeerAnalysis 2008 software.
NMR Experiments. R 1 , R 2 , and heteronuclear NOE values measured using standard pulse sequences on a 600-MHz spectrometer were used to calculate S 2 order parameters. Relaxation dispersion spectra were recorded on 600-and 900-MHz spectrometers using room-temperature probes. Dispersion curves were fitted with either two-state or three-state exchange models.
MD Simulations. All-atom MD simulations were carried out on the symmetric "L-Ala51/51′-flaps" and "D-Ala51/51′ flaps" analogues of the HIV-1 protease, and on the asymmetric "L-Ala51 flap" and "D-Ala51′ flap" analogues, each for 300 ns. All of the simulations were carried out in a truncated octahedron periodic box of explicit water and neutralizing chloride counterions.
